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Abstract: We describe a modified fabrication process to reduce spectral 
attenuation in highly nonlinear photonic crystal fibers (PCF) by reducing the 
effect of OH
-
 content in the silica glass. In particular we show outstanding 
results for small core sizes of 2μm diameter including an attenuation of 
10dB/km at the OH
-
 peak wavelength of 1384nm, by annealing the preform 
prior to the fiber draw. 
©2010 Optical Society of America 
OCIS codes: (060.4005) Microstructured fibers; (060.0060) Fiber Optics and Optical 
Communications. 
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1. Introduction 
In solid core photonic crystal fibers (PCF) with small core sizes, achieving the lowest possible 
spectral attenuation is important for applications like supercontinuum generation [1–6], 
soliton self-frequency shift [7] and parametric conversion processes [8]. Absorption lines of 
OH
-
 ions in silica, particularly at 1384nm [9,10], limit the applications of PCF, reducing the 
intensity of transmitted light at certain wavelengths. The attenuation at 1384nm due to OH
-
 
increases dramatically when the core size is decreased. Review of the available literature 
[11,12] shows that attenuation at this wavelength increases by orders of magnitude, typically 
above 30dB/km and up to several hundreds of dB/km for core diameters in the range below 
2μm. The attenuation at other wavelengths not corresponding to known OH- absorption bands 
also increases because of increased surface scattering [13–17] and because of the creation of 
defect sites within the silica lattice arising from the fabrication process (e.g. the drawing 
induced band around 630nm wavelength) [18,19]. 
The aim of our work was to reduce the attenuation in solid-core PCF fabricated using the 
stack-and-draw process [20], in particular for cores sizes below 2μm. In this regime the 
attenuation is dominated by surface scattering and OH
-
 content [21–23]. In [24] we 
demonstrated that changes in the preform in the hours after it had been drawn from the stack 
strongly affected the final fiber attenuation, and we presented two different methods to reduce 
the attenuation due to the presence of OH
-
 ions. These methods were intended to address the 
extrinsic OH
-
 attenuation due to adsorption of atmospheric hydroxyl onto the silica surfaces 
during preform preparation and subsequent diffusion into the fiber core during drawing. In 
that previous work, rapid processing was shown to avoid increased attenuation [24] as 
illustrated in Fig. 1, where the lowest attenuation is obtained with the quickest turnaround 
time. Neither approach described in the previous work is especially suitable or easy to 
implement for complex preforms, where longer timescales and increased exposure of the 
drawn materials to the atmospheric moisture is more likely. We now propose an alternative 
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approach that reduces the effects of extrinsic OH
-
 in contaminated canes. The attenuation level 
obtained with our modified fabrication process for an all-silica 2μm core PCF is the lowest 
reported for such a small core [21] using commercially available synthetic silica glass [25,26]. 
The OH
-
 concentration observed in the final fiber is close to that specified for the starting 
material. However, in [27] it was shown that the OH
-
 content of dry synthetic silica may 
change with thermal treatment, and we cannot preclude this in our experiments. 
 
Fig. 1. Spectral attenuation for three different fibers drawn after different delays. Bottom to 
top: 3 hours, 18 hours (gray line) and 7 days. With longer delays, attenuation increases at short 
wavelengths (<600nm), 630nm, 1384nm, and a broadband peak at 900nm appears [18]. Inset: 
SEM of a 5μm core fiber as used in experiments. 
The spectra shown in Fig. 1 were obtained from PCF’s fabricated using the standard stack 
and draw process [20] and Suprasil F300 as the starting material. Although the exact 
concentration of OH
-
 in the starting material is not known, the manufacturer’s specification is 
below 1ppm and is quoted to be typically 0.2ppm. This corresponds to an attenuation of 
12.1dB/km at 1384nm [9]. The fibers fabricated have different levels of attenuation at this 
wavelength, ranging from 8dB/km for large core diameters (e.g. 5μm and above) to as much 
as 200dB/km for untreated small-core fibers suggesting that additional OH
-
 becomes 
significantly more of a problem for small core fibers. 
The additional processing step introduced in this paper consists of annealing [28–30] the 
preform at high temperature in a nitrogen atmosphere immediately prior to drawing the fiber. 
This has the effect of relaxing the silica network, passivating defect sites while simultaneously 
removing the OH
-
 that may have adsorbed onto the surfaces during the fabrication process. 
Such OH
-
 may diffuse into the core of the fiber and/or lead to surface distortion by the SiOH
-
 
groups just below the surface [29]. The effect of the annealing process on the attenuation of 
the fiber is to reduce the level of OH
-
 (most evident at 1384nm) in the fiber core whilst the 
attenuation peak at 630nm [18] (Fig. 2a) that is related to the stresses in the silica matrix 
[24,31,32] is effectively eliminated. We speculate that by healing lattice defects, the annealing 
removes bonding sites and thus reduces the diffusion of OH
-
 ions through the silica matrix by 
the vacancy mechanism [33]. 
2. Fabrication process 
For the new results to be presented in this paper, the fiber structure consists of a solid pure 
silica core surrounded by three rings of air holes as shown in Fig. 2a inset. The raw material 
used for the core rod was Suprasil F500 synthetic silica from Heraeus while the material used 
for capillaries was Suprasil F300. The two materials are nominally identical except that the 
F500 has a significantly lower OH
-
 content, typically 0.02ppm compared to 0.2ppm for F300. 
Note that the actual fiber core includes material from both the core rod and also the 
surrounding capillaries. For the results presented here the total time to fabricate the stack was 
approximately 7 hours. The stack remained in the clean room until the next day when it was 
drawn down to 2mm diameter canes which were then stored in a N2 atmosphere. The room 
temperature and the relative humidity while fabricating the stack were 20°C and 30% 
respectively. 
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Each cane was placed inside a thick-walled F300 jacketing tube in order to ensure an 
acceptably large outer diameter of the final fiber. The jacketed cane (which formed the 
preform for the fiber draw) was continuously purged with nitrogen from one end whilst being 
passed through the fiber-drawing furnace at 20mm/min. The furnace temperature was set so 
that the pyrometer reading was at 1880°C. This process was repeated three times before the 
fiber was drawn in the usual way. The fibers were characterized within 7 days of their 
fabrication. The annealing conditions were chosen because they gave good results. Higher 
annealing temperatures and longer annealing times led to unacceptable distortion of the fiber 
structure, whilst shorter times were less effective at reducing attenuation. 
3. Experiments 
In Fig. 2a we show the spectral attenuation for two fibers drawn from two identical canes 
from the same stack, with core diameters of 2μm. The fiber with lower attenuation was 
obtained by using the additional annealing step whereas the fiber fabricated with no special 
treatment giving higher attenuation is used as a reference to compare the effectiveness of the 
annealing process. The unprocessed fiber attenuation is characterized by a large OH
-
 peak at 
1384nm, smaller OH
-
 peaks at 950 and 1250 nm, and the appearance of a significant drawing-
induced absorption band at 630nm (34dB/km). The processed fiber has virtually no 630nm 
peak, an OH
-
 attenuation of 10dB/km at 1384nm, and reduced background attenuation. This 
level of OH
-
 absorption is associated with an OH
-
 concentration of 0.16ppm. The background 
attenuation is assumed to be related to light scattered due to surface roughness [16,17]. 
Roughness can have different origins, with one of them being OH
-
 contamination [30]. We 
attribute the disappearance of the 630nm peak to the thermal healing of lattice defects as 
described earlier. This attenuation at 1384nm is the lowest OH
-
 concentration value reported 
for a 2μm core fiber. Through the study of multiple fibers we observe that the appearance of 
the drawing-induced band at 630nm (resulting from lattice defects) is commonly accompanied 
by an increased attenuation at 1384nm due to OH
-
 absorption. 
 
Fig. 2. a) Spectral attenuation of two fibers with a core of 2μm. Black curve: spectral 
attenuation of a solid core PCF obtained after the annealing process. Gray curve: spectral 
attenuation obtained from an identical fiber without the treatment. Inset: SEM of a 2μm core 
fiber as used in experiments. b) Comparison of the spectral attenuation for solid core PCF with 
different core sizes using an annealed preform. From top to bottom: 1.2, 1.4, 1.5, 2 and 6μm 
core diameter. 
Subsequently, using a different annealed preform, a new set of fibers was fabricated to 
investigate the dependence of the attenuation on the fiber core diameter. Figure 2b shows the 
attenuation obtained from fibers of different core diameters (2.0, 1.5, 1.4 and 1.2μm) drawn, 
in that order, from the same cane during the same draw (draw speed and temperature settings 
were changed when reducing the fiber diameter). The tension (190g) and draw speed 
(32m/min) to obtain fibers with core diameters from 2μm and above were kept very similar. 
For fibers with core sizes below 2μm, the tension was lower (140g) to avoid fiber break, and 
the draw speed was slightly higher (up to 42m/min). 
a b 
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This Fig. 2b also includes the attenuation results obtained for a 6.0μm core fiber from an 
identical experiment to illustrate the difference in attenuation for larger core size. The low 
attenuation results are repeatable using different canes. We also have observed spectral 
features at short wavelengths (below 600nm) previously attributed to macrobending losses 
[12], at 900nm (a broadband peak) [18,24] and long wavelengths (above 1600nm) perhaps 
related to defects or OH
-
 levels. These effects are worthy of further study but are simply noted 
here. 
4. Discussion 
The magnitude of the attenuation observed at 1384nm measured for a different set of fibers, as 
a function of the core diameter, is shown in Fig. 3. The OH
-
 absorption is almost constant at 
approximately 20dB/km for core diameters above 2 μm but then increases very rapidly to over 
100dB/km for 1.2μm core diameter. An increase in the background scattering loss is also 
observed. 
 
Fig. 3. The measured attenuation at the OH- peak wavelength of 1384nm increases dramatically 
for core sizes below 2um. The background loss component due to scattering also increase for 
small core sizes. 
We have considered various explanations for the observed strong dependence of 
attenuation on core diameter. It is known that the losses due to surface scattering increase 
strongly for smaller core sizes [16] but the wavelength dependence of such losses precludes 
this being directly responsible for the observed attenuation peaks. The “draw band” at 630nm 
is usually associated with damage to the silica network during the drawing process [18], and 
might be expected to increase if the same size preform is drawn to a smaller final fiber, as in 
our experiments. The presence of a greater density of lattice defects might then facilitate the 
diffusion of hydrogen atoms or OH
-
 ions into the core by vacancy hopping [33]. A third 
possibility is that contaminants (hydrogen or OH
-
) introduced onto the silica surfaces diffuse 
only a short absolute distance into the core during subsequent fiber drawing. For large cores, 
this would result in contamination of only a small fraction of the total core area and therefore 
only a limited overlap with the guided mode profile. For smaller cores the same absolute 
distance of OH
-
 ingress would make up much more of the core size and result in an increase 
of the overlap of the guided mode with the OH
-
 contaminated glass. 
In order to investigate this third possibility we have performed numerical simulations 
using the finite element method (FEM) to calculate the power of the fundamental mode as a 
function of distance from the core surface. The simulations were performed for a strand of 
silica surrounded by air which is a good approximation to the highly nonlinear PCF used in 
our experiments. The core is defined here as a pure uncontaminated silica rod surrounded by a 
ring of OH
-
 doped silica of thickness given by the suggested diffusion length of OH
-
 into 
silica. We calculated the ratio between the power of the fundamental mode that overlaps with 
the contaminated ring (Pring) and the total power of the mode (Ptotal), Pratio = Pring/Ptotal, and 
plotted it for different conjectured diffusion lengths for different core sizes as shown in Fig. 4. 
The simulations were performed for diffusion lengths from 0.10μm to 0.80μm and for core 
diameters from 1μm to 6μm. 
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 Fig. 4. The ratio (represented by Pratio) between the power of the fundamental mode contained 
within a diffusion ring starting at the core surface and the total power. Each line is calculated 
for diffusion lengths ranging from 0.1μm to 0.8μm and plotted for core diameters from 1μm to 
6μm. Curves do not go to unity because some of the total power resides outside the core. 
It is observed that although most of the simulated curves (Fig. 4) increase significantly for 
core diameters below 2µm, even the most rapid increase of these calculated curves is not 
nearly enough to explain the experimental observation shown in Fig. 3. When combined with 
the observation of a correlation between the appearance of the 630nm band and increased OH
-
 
absorption we conclude that this suggests that the appearance of a greatly increased number of 
lattice defect sites in the smaller-core fibers (as a result of their being drawn to a greater 
extent, and more rapidly) is a possible explanation for the stronger dependence of spectral 
attenuation on core diameter than anticipated in Fig. 4. 
The OH
-
 concentration is related to the height of the 1384nm peak which increases 
significantly for smaller core sizes. As the attenuation for these small core fibers is much 
higher than that specified in the raw material it appears likely that the extra OH
-
 
contamination is due to extrinsic OH
-
 diffusing from the surfaces of the silica into the bulk 
medium. The extrinsic OH
-
 diffuses through silica by diverse mechanisms [33]. There may be 
a contribution from intrinsic OH
-
 formation as well [27], but we have not investigated that. 
5. Conclusions 
We have demonstrated an annealing process that reduces attenuation in small-core photonic 
crystal fibers to the lowest levels reported. The effect of the annealing is to reduce spectral 
absorption associated with OH
-
 while eliminating the drawing-induced absorption band at 
630nm wavelength and also reducing the overall background attenuation generally attributed 
to scattering. There remains a strong residual dependence of the OH
-
 absorption features and 
the background scattering losses on core diameter for core diameters below 2μm. Using 
numerical simulations we have shown that this strong dependence cannot be explained by the 
diffusion depth of OH
-
 ions from the surfaces alone. Instead, we tentatively attribute it to the 
rapid increase in the number and density of drawing-induced defect sites in the silica lattice 
when the preform is drawn to smaller diameters. To understand the contribution of each OH
-
 
source in the final fiber (extrinsic or intrinsic) a deeper study of the material would be 
necessary. 
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